The present work reports the synthesis of elongated Au nanoparticles ͑NPs͒ parallel to each other, embedded in silica matrix. Au NPs in silica, prepared using rf magnetron sputtering, were irradiated by 120 MeV Au ions at different fluences to induce elongation. Optical absorption study of irradiated film showed a clear splitting of surface plasmon bands corresponding to transverse and longitudinal modes. Transmission electron microscopy investigations of pristine and irradiated samples revealed an elongation ͑aspect ratio of ϳ3.5͒ in Au NPs occurred as a result of irradiation. The results are discussed in the framework of thermal spike model. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2764556͔ Noble metal particles embedded in transparent matrices have stimulated enormous interest for their exceptional linear and nonlinear optical properties 1 and quantum size effects in nanodimensional region.
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Noble metal particles embedded in transparent matrices have stimulated enormous interest for their exceptional linear and nonlinear optical properties 1 and quantum size effects in nanodimensional region. 2 The crucial parameters responsible for controlling their optical properties are the particles size, their shape, interparticle separation, and the matrix dielectric constant. Size and interparticle separation are often well controlled by deposition parameters but the shape is rather difficult to control. The anisotropically shaped metal particles show a splitted surface plasmon resonance ͑SPR͒ band due to transverse and longitudinal modes of charge density oscillations in the presence of electromagnetic radiation. [3] [4] [5] [6] As the aspect ratio increases, the splitting becomes more prominent and is also technologically important. 3 It is difficult to synthesize nanoparticles ͑embedded in thin film͒ with the desired aspect ratio using physical and chemical routes because of the minimization of surface energy criterion for stability, which is minimum for spherical nanoparticles. Ion beam techniques provide a unique possibility for shaping the nanoparticles with the desired aspect ratio. Anisotropy is created in the metal particles covered with silica shell by MeV ion beam irradiation. 3 Silica surrounding the nanoparticles expands perpendicular to the ion beam direction due to hammering effect 7 which creates a high pressure on metal particle, and metal particles expand along ion track and thus forms nanorods. It was shown 3 that gold nanoparticles ͑14 nm diameter͒ coated with silica shell ͑72 nm thick͒ could be elongated by 30 MeV Se ions irradiation. Thus silica shell containing Au nanorod such as Au particles was synthesized. 3 However, for most practical applications, it is necessary that the elongated particles must be embedded in a thin film. The present work reports the synthesis of the elongated Au nanoparticles embedded in a thin film deposited on quartz substrate using the unique feature of high energy ions. The aspect ratio of the Au nanorod ͑elongated Au nanoparticles͒ can be controlled by ion beam parameters. The direction of elongation is decided by the ion beam direction.
Thin films of silica containing Au were deposited on silica substrates by rf-magnetron sputtering in an Ar atmosphere ͑5 Pa͒ of a silica target on which Au sheets were placed in the maximum erosion zone. The films were annealed in Ar:5% H 2 atmosphere for 1 h at different temperatures for promoting the growth of Au particles. The composition of nanocomposite films was determined by Rutherford backscattering spectroscopy ͑RBS͒ using 2.4 MeV He + ions provided by ARAMIS accelerator of CSNSM, Orsay. The measured thickness of films found by fitting the RBS spectra with Rutherford universal manipulation program ͑RUMP͒ code 8 was of 200 nm and the mean Au fraction of 15± 1 at. % with depth. No loss of Au by evaporation or diffusion inside the substrate was observed after annealing at 950°C for 1 h. Annealed films were irradiated with 120 MeV Au ions delivered by 15 unit double pelletron at IUAC, New Delhi. The samples were irradiated with an ion beam 45°off normal at fluence of 3 ϫ 10 13 ions cm −2 . The electronic ͑S e ͒ and nuclear ͑S n ͒ stopping powers of these ions were calculated with SRIM ͑Ref. 9͒ program and were found to be ϳ14.1 keV and ϳ0.2 keV/ nm, respectively, with ion range of ϳ16 m. Optical absorption spectra were recorded with linearly polarized light along two perpendicular directions: one being the projection of the ion beam in the surface plane ͑noted ʈ ͒ and the other being in transverse direction ͑noted Ќ͒. Cross sections of the pristine and irradiated samples were observed by transmission electron microscopy ͑TEM͒ using the high resolution Philips CM 20 FEG field emission electron microscope of Max Planck Institute, Halle.
Cross-sectional TEM image of pristine sample shown in Fig. 1͑a͒ clearly reveals the existence of spherically shaped nanoparticles with average size ͑diameter͒ of ϳ14 nm. Figure 1͑b͒ shows the particles size distribution of pristine sample. Figure 2͑a͒ shows the cross-sectional TEM image of the sample irradiated with 120 MeV Au ions at a fluence ͑͒ a͒ Author to whom correspondence should be addressed. rojection of the TEM image with respect to the ion beam direction, the actual aspect ratio is ϳ3.5. However, it can also be clearly observed from TEM image of irradiated samples that a few nanoparticles smaller than track size remain spherical after irradiation. Figure 3 shows the average size of Au nanoparticles ͑average of major and minor axis lengths͒ after irradiation. It is clear from Fig. 3 that ion irradiation leads to a relatively narrower size distribution. There is not much growth along the oblate axis ͑perpendicular direction͒. Due to the modification induced by ion beam, the nanoparticles expand along ion beam direction and thus transform spherical particles to prolate shaped particles. It is noticed that when the longitudinal separation between the spherical nanoparticles was small, the end of prolate spheroid join together and thus formation of a large prolate spheroid such as a nanorod with large aspect ratio occurs. A close perusal of the TEM image of the irradiated sample suggests that the ion beam induced elongation occurs beyond a thresh-FIG. 1. ͑a͒ Cross-sectional transmission electron microscopy image of pristine film and ͑b͒ corresponding particle size distribution.
FIG. 2. ͑a͒
Cross-sectional transmission electron microscopy image of an irradiated film at 45°beam incident normal and ͓͑b͒ and ͑c͔͒ size distribution of major and minor axis lengths of elongated nanoparticles, respectively. old size of nanoparticles and below that nanoparticles grow. A nominal growth in smaller particles with ion irradiation is observed due to Ostwald ripening induced by large electronic energy deposition. The growth of Au nanoparticles from 4 to 9 nm by electronic excitation ͑induced by ion irradiation͒ has been recently reported by us in an in situ x-ray diffraction experiment. 10 The passage of 120 MeV Au ions through thin silica film containing the Au nanoparticles deposits the electronic energy ͑S e ͒ of 14.1 keV/ nm. 9 It is known from the work done by Meftah et al. 11 and Toulemonde et al. 12 that an electronic energy loss of ϳ14 keV/ nm in silica creates the track diameter of ϳ9 nm in silica. Hence, 120 MeV Au ions in present case create the track of diameter about 9 nm. Each individual Au ion impact in silica leads to the formation of thermal spike ͑duration of ϳ10 −12 s͒ which results in plastic flow of silica. 13 This plastic flow induces an in-plane stress perpendicular to the ion beam direction.
14 The combined effect of stress 14 and thermal spike 15 of all ion impacts on planar Ausilica nanocomposite film lead to the elongation of Au NPs. If the elongation is only due to the pressure effect, then the smaller nanoparticles should also elongate, which has not been observed in present case. Therefore it is more likely that the NPs grow when their size is smaller than the track size and elongate when their size is larger than track size due to dissolution-reprecipitation mechanism. 16 The process of elongation depends on the product of S e . The aspect ratio achieved in the irradiation ͑S e = 6.2 keV/ nm and =2 ϫ 10 14 ions cm −2 ͒ of Au-silica core shell was ϳ8.4, whereas the aspect ratio in the present experiment is ϳ3.5 for irradiation parameters of S e = 14.1 keV/ nm and =3 ϫ 10 13 ions cm −2 . It is clear from the above data on aspect ratio and ion parameters that when the product of S e changes by approximately three times, the aspect ratio changes by a similar factor. Thus one can engineer the shape by ion beam parameters.
Optical absorption spectra of pristine and irradiated samples are shown in Fig. 4 . The pristine sample shows a clear SPR absorption band at ϳ2.44 eV confirming the presence of Au nanoparticles in pristine sample. Optical absorption spectra for irradiated sample were recorded with polarized light parallel ͑ ʈ ͒ and perpendicular ͑Ќ͒ to the ion incident direction. The significant redshift ͑ϳ0.17 eV͒ in SPR peak position of Au nanoparticles along parallel direction reveals the elongation of Au nanoparticles. However, insignificant shift in SPR band along perpendicular direction indicates a small compaction in the direction perpendicular to ion beam.
In conclusion, we report the synthesis of perfectly aligned Au nanorods embedded in silica matrix using the unique feature of ion irradiation. The angle of alignment with respect to the substrate is controllable by incident ion direction. A desired aspect ratio can be achieved by suitable ion beam parameters. In the present case, 120 MeV Au ion induced elongation in spherical nanoparticles ͑ϳ13 nm͒ has been observed with an aspect ratio of 3.5. 
